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ABSTRACT: In conventional water electrolysis (CWE), the H2 and O2 evolution reactions (HER/OER) are tightly coupled,
making the generated H2 and O2 difficult to separate, thus resulting in complex separation technology and potential safety issues.
Previous efforts on the design of decoupled water electrolysis mainly concentrated on multi-electrode or multi-cell configurations;
however, these strategies have the limitation of involving complicated operations. Here, we propose and demonstrate a pH-universal,
two-electrode capacitive decoupled water electrolyzer (referred to as all-pH-CDWE) in a single-cell configuration by utilizing a low-
cost capacitive electrode and a bifunctional HER/OER electrode to separate H2 and O2 generation for decoupling water electrolysis.
In the all-pH-CDWE, high-purity H2 and O2 generation alternately occur at the electrocatalytic gas electrode only by reversing the
current polarity. The designed all-pH-CDWE can maintain a continuous round-trip water electrolysis for over 800 consecutive cycles
with an electrolyte utilization ratio of nearly 100%. As compared to CWE, the all-pH-CDWE achieves energy efficiencies of 94% in
acidic electrolytes and 97% in alkaline electrolytes at a current density of 5 mA cm−2. Further, the designed all-pH-CDWE can be
scaled up to a capacity of 720 C in a high current of 1 A for each cycle with a stable HER average voltage of 0.99 V. This work
provides a new strategy toward the mass production of H2 in a facilely rechargeable process with high efficiency, good robustness,
and large-scale applications.
KEYWORDS: decoupling water electrolysis, H2 production, electrocatalytic H2, pH-universal, mass production of H2

Currently, fossil fuels such as oil, coal, and natural gas are
still the major consumed resources in global energy

supply.1,2 However, these non-renewable resources do not
comply with the development of a low-carbon society.3

Hydrogen gas (H2) has been advocated as a green energy
carrier for many chemical transformations compared with fossil
fuels due to its high energy density and clean products during
utilization.4−6 In addition, H2 as an electrocatalytic electrode
has recently been developed in rechargeable H2 battery
systems to produce H2 during the charging process.7−11

Water electrolysis powered by renewable energy is a
sustainable technology for the mass production of H2 because
water is one of the largest reservoirs of H2 on earth.12,13

Typically, in conventional water electrolysis (CWE), which
involves a H2 electrode, an oxygen gas (O2) electrode, and an

ion-exchange membrane (IEM), the H2 evolution reaction
(HER) and O2 evolution reaction (OER) happen simulta-
neously and thus are tightly coupled.14,15 The simultaneous H2
and O2 generation by the electrocatalytic electrodes are also
applied in flow-electrode capacitive deionization systems,
which contributes to the improvement of desalination
efficiency.16,17 However, such a compact coupling of H2 and
O2 is hard to separate, resulting in gas crossover through the
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membrane to give rise to hazardous H2/O2 mixtures.18 To
overcome these difficulties, it is very crucial to develop novel
water electrolysis for decoupling HER and OER.
Recently, the introduction of auxiliary electrodes during

water electrolysis allows the decoupling of HER and OER in
time or in space.19−28 For example, Cronin et al. successfully
developed a concept of an electron-coupled proton buffer by
introducing a soluble silicotungstic acid redox electrode, which
can produce hydrogen gas faster than CWE.29 However, an
expensive IEM was employed in the above strategy to restrain
the crossover of the soluble redox electrode. To overcome this
obstacle, Wang et al. designed a series of inorganic and organic
solid-state auxiliary electrodes to temporally decouple HER
and OER in an acidic or alkaline water electrolysis process, as
illustrated in Figure 1a.30,31 For instance, a solid-state Ni(OH)2
electrode as an auxiliary electrode was used in an alkaline
electrolyte for water electrolysis with the reversible trans-
formation of Ni(OH)2/NiOOH.30 Moreover, an organic
pyrene-4,5,9,10-tetraone (PTO) proton-transfer electrode
with a reversible H+ reaction as an auxiliary electrode was
deployed to decouple acidic water electrolysis.31 However, the
above strategies have the limitation of the complicated
operation of an frequent on/off switch in three-electrode
configurations (a H2 electrode, an O2 electrode, and an
auxiliary electrode). Meanwhile, Grader et al. introduced a
solid-state NiOOH/Ni(OH)2 auxiliary electrode into two-cell
water electrolysis, each with a Pt-coated electrode and a
NiOOH/Ni(OH)2 electrode, in which the two Pt electrodes
were connected to a power source and the nickel electrodes
were wired together.20 The H2 and O2 generation can be
separated using the NiOOH/Ni(OH)2 electrode, as illustrated

in Figure 1b, but in a complicated multi-cell operation.
Afterward, they optimized the cell design by changing the
water electrolysis process through a two-step electrochemical−
chemical cell.32,33 In the first electrochemical step, H2
production was achieved by water reduction along with the
oxidation of Ni(OH)2 to NiOOH. In the subsequent chemical
step, O2 was liberated by the spontaneous reduction of
NiOOH back to Ni(OH)2 at an elevated temperature of ∼95
°C. However, either a Ni(OH)2 or a PTO solid-state electrode
is required to comply with strict working conditions for the pH
of electrolytes to maintain the stability of auxiliary electrodes,
which induces large limitations in the application scenarios for
H2 production.

21,23,30,31,34,35 Therefore, it is highly desirable to
develop new strategies to decouple water electrolysis ideally in
all pH conditions to make H2 production much universal and
effective.

In this work, a proof-of-concept demonstration of pH-
universal decoupled water electrolysis enabled by electro-
catalytic H2 capacitive chemistry, referred to as an all-pH
capacitive decoupled water electrolyzer (all-pH-CDWE), is
proposed to overcome the abovementioned challenges. The
proposal of all-pH-CDWE is inspired by our recently
developed electrocatalytic H2 capacitors, where H2 is only
generated in the charging process for efficient gas separation.36

Figure 1c shows the structural composition of the designed all-
pH-CDWE with a two-electrode configuration of a carbon
capacitive electrode and an electrocatalytic gas (H2 and O2)
electrode, which is fundamentally different from the previous
technologies of decoupled water electrolysis by multi-electrode
(≥3 electrodes) or multi-cell (≥2 cells) operations (Figure
1a,b).20,30 Table S1 compares our all-pH-CDWE with other

Figure 1. Cell structure and working mechanisms of various decoupled water electrolyzers. (a) Two-step, three-electrode water electrolysis with a
frequent on/off switch. (b) Two-cell, four-electrode water electrolysis. (c) Our proposed pH-universal two-electrode electrolytic cell for the
decoupling of H2 and O2 generation. The electrolytes can be acidic, neutral, and alkaline solutions.
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reported CWEs and decoupled water electrolyses in terms of
cell components, operational modes, and electrochemical
performance. It is obvious that in our all-pH-CDWE
architecture, the H2 production involves cathodic H+ or H2O
reduction and adsorption of anodic anions (SO4

2− in an acidic
electrolyte, H2PO4

−/HPO4
2− in a neutral electrolyte, or OH−

in an alkaline electrolyte) by the capacitive electrode in pH-
universal electrolytes (0−14). The subsequent O2 production
is dependent on the cathodic anion desorption process and the
anodic H2O oxidization reaction. Furthermore, the alternative
H2 and O2 generation can be cycled with high stability for over
800 consecutive cycles in high electrolyte utilization ratios of
nearly 100%. The demonstrated all-pH-CDWE technology
shows promises for large-scale H2 production in a facile and
cost-effective pathway.
To verify our designed all-pH-CDWE, a typical Swagelok

cell was first designed to decouple water electrolysis with a
commercial Pt-coated Ti-mesh electrode for H2 and O2
generation and an activated carbon (AC)-coated carbon
paper electrode.8,11,36 As a comparison, CWE with two

commercial Pt-coated Ti-mesh electrodes was chosen as the
direct water electrolysis. In this all-pH-CDWE, there is a small
energy loss by the oxidation and reduction reactions of Pt
during the process of alternative H2 and O2 generation, which
was also reported by previous reports on catalytic gas
electrodes.37−39 As shown in Figure S1, a symmetric capacitor
in two AC electrodes was assembled with a capacitance of
1017 mF cm−2 at a current density of 5 mA cm−2. Even at a
high current density of 20 mA cm−2, a considerable
capacitance of 893 mF cm−2 was retained (Figure S1),
indicating an ultrafast ion adsorption/desorption of the AC
electrode.36,40−43 The water electrolysis performance in the
acidic electrolyte was first investigated by chronopotentiometry
measurements at various current densities ranging from 5 to 20
mA cm−2 with an applied capacity of 3600 mC cm−2, as shown
in Figure 2a. In the H2 generation process, the average voltages
of acidic-CDWE are 0.84, 0.84, 0.83, and 0.84 V at current
densities of 5, 10, 15, and 20 mA cm−2, respectively, indicating
a negligible change of the H2 generation voltage with the
current density and confirming the robustness of the acidic-

Figure 2. Electrochemical performance of acidic-CDWE in a Swagelok cell. (a) Voltage curves of acidic-CDWE and acidic-CWE at various current
densities with an operational capacity of 3600 mC cm−2. (b) HER/OER average voltage and energy efficiency as a function of current density. (c)
Voltage curves of acidic-CDWE and acidic-CWE during cycling at a current density of 10 mA cm−2 with an operational time of 360 s. (d) Voltage
curves at different cycles. (e) HER/OER average voltage and energy efficiency as a function of cycle number. (f) Cycle performance of H2/O2
generation by consuming up and repeatedly adding a 100 μL electrolyte into the acidic-CDWE.
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CDWE. In the O2 generation process, the acidic-CDWE
exhibits an increased voltage tendency with average voltages of
1.13, 1.21, 1.25, and 1.29 V at current densities of 5, 10, 15,
and 20 mA cm−2, respectively, which is ascribed to the inferior
OER performance of the Pt electrode. In addition, the average
voltage during H2 generation process of the acidic-CDWE
(0.84 V) is much lower than that of the acidic-CWE (1.98 V)
at a large current density of 20 mA cm−2 (Figure 2a).
Furthermore, the energy efficiency of the acidic-CDWE can be
evaluated by comparing its total driving voltage (HER and
OER) to that of acidic-CWE, according to a previous report.30

As shown in Figure 2b, the energy efficiency of the acidic-
CDWE with a total driving voltage of 1.97 V is about 94% of
that of acidic-CWE with an electrolytic voltage of 1.85 V at a
current density of 5 mA cm−2. When the current density
increases from 10 to 20 mA cm−2, the energy efficiency of the
acidic-CDWE slightly changes from 94 to 93%, which is
ascribed to the excellent rate performance of the AC electrode
(Figure S1). The achieved energy efficiency is comparable to
that of two-step, three-electrode water electrolysis by Wang et
al.21,30 It should be noted that as a notably mature capacitive
material, AC not only exhibits high energy efficiency but also
delivers an ultralong cycle life, which were demonstrated by the
previous literature on an AC electrode-based electrocatalytic
hydrogen gas capacitor and electric double-layer capaci-
tors.36,44−46 These characteristics are important in facilitating
the cycling capability of H2 and O2 generation. To
demonstrate, the cycle performance of H2 and O2 generation
was investigated with an applied current of 10 mA cm−2 for a
process time of 360 s. After 800 consecutive cycles (over 160
h), the HER/OER average voltages of acidic-CDWE show a

negligible increase, indicating the excellent stability of the H2
and O2 generation with a limited electrolyte of 300 μL (Figure
2c). Figure 2c also indicates that the acidic-CDWE delivers a
lower operating voltage of H2 generation than that of acidic-
CWE. For the acidic-CDWE, the H2 generation average
voltage slightly decreases and the O2 generation average
voltage slightly increases upon cycling due to the difference
between Pt catalytic HER and OER performance (Figure
2d,e). Highly stable energy efficiencies are also observed over
the course of 800 round-trip cycles, as shown in Figure 2e. The
energy efficiency improves slightly in the initial cycles, which is
associated with the activation of the AC electrode.

Further, we tested the water electrolytic performance of the
acidic-CDWE with a limited electrolyte volume of 100 μL, as
shown in Figure 2f. At an initial amount of 100 μL, the acidic-
CDWE is cycled at a constant current density of 10 mA cm−2.
The cell delivers stable average voltages for 350 cycles (over 70
h) until the charge voltage increases to 2 V. This indicates that
the water solution in our designed electrolytic cell has achieved
a high utilization ratio of nearly 100% (the detailed calculation
is shown in the Methods section). In the subsequent process,
the cell voltage can revert to the original state and continually
maintain stable cycling for over another 350 cycles, when an
additional 100 μL of the electrolyte was added into the cell.
The cycling of the acidic-CDWE with a high electrolyte
utilization ratio of nearly 100% can be achieved multiple times
by repeatedly adding 100 μL of the electrolyte into the cell as
demonstrated in Figure 2f. Figure S2 indicates that the
designed acidic-CDWE not only delivers stable H2 and O2
generation but also achieves highly efficient utilization of the
water solution. The micromorphology, energy-dispersive X-ray

Figure 3. Electrochemical performances of neutral- and alkaline-CDWEs in Swagelok cells. (a) Voltage curves of a neutral-CDWE and neutral-
CWE at various current densities with an operational capacity of 2160 mC cm−2. (b) HER/OER average voltage and energy efficiency as a function
of current density. (c) HER/OER average voltage and energy efficiency as a function of cycle number at a current density of 10 mA cm−2 with an
operational time of 216 s. (d) Voltage curves of an alkaline-CDWE and alkaline-CWE at various current densities with an operational capacity of
2160 mC cm−2. (e) HER/OER average voltage and energy efficiency as a function of current density. (f) HER/OER average voltage and energy
efficiency as a function of cycle number at a current density of 10 mA cm−2 with an operational time of 216 s.
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spectroscopy (EDX), and X-ray photoelectron spectroscopy
(XPS) of the AC electrode (Figure S3) show no obvious
change after 800 cycles, which confirms the excellent stability
of the AC electrode in the acidic-CDWE. Meanwhile, after a
long-term cycling test, the phase composition of the Pt
electrode displays no obvious change (Figure S4a). The XPS
spectra of Pt show that slight oxidization occurred in the Pt
electrode after 800 cycles (Figure S4b,c). These character-
izations imply the high structural stability of the AC electrode
and Pt electrode during the repeated H2 and O2 generation
processes, proving the robustness of our acidic-CDWE.
To demonstrate pH-universal capability, the water electro-

lytic performances of the CDWE were further evaluated in
neutral and alkaline electrolytes with a Swagelok cell. The
feasibility of the AC auxiliary electrode in neutral- and alkaline-
CDWEs was verified by chronopotentiometry measurements at
different current densities, as shown in Figure 3. A similarly
good electrolytic capability was observed in the neutral-CDWE
(Figure 3a). As a comparison, the neutral-CDWE delivers
lower HER/OER average voltages than the neutral-CWE.
Figure 3b reveals that the HER voltage and energy efficiency of
neutral-CDWE at 5 mA cm−2 are 0.95 V and 90%, respectively.
The neutral-CDWE investigated at the other current densities
of 10, 15, and 20 mA cm−2 further illustrates the operational
flexibility of this electrolyzer (Figure 3b). The cycle perform-
ance of the H2 and O2 generation was investigated with an
applied current density of 10 mA cm−2 and a process time of
216 s for 500 cycles. After 100 consecutive cycles of this
electrolytic process, the HER average voltage tends to stabilize
at ∼0.8 V with an energy efficiency of ∼90%, demonstrating
the excellent stability of the alternating H2 and O2 generation

in the neutral-CDWE (Figure 3c and Figure S5). In addition,
the alkaline-CDWE delivers a very low HER average voltage of
0.68 V, a cell average voltage of 1.74 V, and a high energy
efficiency of 97% at a current density of 5 mA cm−2 (Figure
3d,e), which are superior to those from the previous literature
on decoupling water electrolysis.29,30 When the current
densities increase to 10, 15, and 20 mA cm−2, the HER
average voltages can remain as 0.7, 0.73, and 0.75 V,
respectively (Figure 3e). Furthermore, the alkaline-CDWE
delivers a lower operational voltage than alkaline-CWE (Figure
3d). The alkaline-CDWE also shows high stability in alkaline
water electrolysis for over 200 cycles (Figure 3f and Figure S6).
Therefore, it can be concluded that the strategy of the two-
electrode design could decouple pH-universal water electrol-
ysis with excellent activity and stability, which further verified
the operational flexibility of this all-pH-CDWE with the
potential to be applied broadly in the water electrolysis
industry.

Based on the above analysis, to further demonstrate the
advances and practicality of this novel CDWE for large-scale
application in decoupling of H2 and O2, we amplified the
electrolytic cell by employing a low-cost gas electrode in the
CDWE. Accordingly, we took inspiration from the chloride
corrosion of metal to prepare a low-cost bifunctional HER/
OER electrocatalyst of NiMoCo in alkaline electrolytes.47 The
facilely prepared NiMoCo catalyst exhibited excellent perform-
ances toward water splitting with overpotentials of 108 mV at a
current density of 20 mA cm−2 for HER and 330 mV (20 mA
cm−2) for OER, better than those of nickel foam and noble
metal Pt (Figure S7). In addition, the NiMoCo catalyst was
stable for more than 100 h at a constant current density of 50

Figure 4. Electrochemical performance of the scaled-up alkaline-CDWE and its practical demonstration. (a) Digital photos and SEM images of the
NiMoCo electrode (5 × 10 cm2) and carbon electrode (5 × 10 cm2). (b) Digital photo of the scaled-up alkaline-CDWE (10 × 10 × 4.8 cm3). (c)
Voltage curves of the H2/O2 generation cycle at a current of 1 A with an operational time of 720 s for each cycle. The inset is the corresponding
photo of H2 generation at a current of 1 A. (d) Photo profile of the HER of photovoltaic-powered water electrolysis under natural sunlight. The
rated power, voltage, and current of each solar panel are 1.2 W, 3 V, and 400 mA, respectively.
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mA cm−2 toward HER and OER (Figure S8), which is
important toward long-term overall water splitting. When the
NiMoCo catalyst was used as the electrode for the overall
water-splitting device, a current density of 20 mA cm−2 could
be observed at an applied potential of 1.66 V, which is superior
to that of the Pt catalyst (1.95 V) (Figure S9).
To test the feasibility of the electrolytic cell, a scaled-up

alkaline-CDWE was constructed with a low-cost NiMoCo-
coated nickel foam gas electrode (5 × 10 cm2), an AC-coated
nickel foam electrode (5 × 10 cm2), and a poly(methyl
methacrylate) (PMMA) box with a volume of 0.48 L (10 × 10
× 4.8 cm3), as shown in Figure 4a. The morphology of the
NiMoCo catalyst was observed as nanosheet arrays growing on
nickel foam (Figure 4a). In addition, nickel-foam-supported
AC particles were used as the active material to prepare a
dense and thick carbon electrode with a thickness of 1.4 mm
and a capacity of 720 C, as shown in Figure 4a. The two
electrode plates were fixed upright and parallel with each other
with a gap of 1 mm (Figure 4b). The electrode plates were put
inside the PMMA box, and then a 2 M KOH alkaline
electrolyte of 380 mL was added into this box. The testing

results demonstrate that when the scaled-up alkaline-CDWE
was cycled at an applied current of 1 A and an operational time
of 720 s, the water electrolytic process stably produced H2 and
O2 in several consecutive cycles (Figure 4c). Highly stable
HER/OER average voltages of 0.99/1.35 V were also observed
over the course of several round-trip cycles. The micro-
morphology and XPS spectra of the AC electrode also show no
obvious change after cycles in the scaled-up alkaline-CDWE,
which confirms the excellent stability of the AC electrode in
large-scale water electrolysis (Figure S10). As shown in Figure
S11, the energy efficiency of the scaled-up alkaline-CDWE
using a NiMoCo-coated nickel foam gas electrode is 80% as
compared to the alkaline-CWE counterpart. It is noticed that
the energy efficiency can be further enhanced if optimized AC
electrodes are employed. The corresponding photo profile of
large H2 bubbles in the scaled-up alkaline-CDWE at a current
of 1 A is shown in the inset of Figure 4c. The video evidence
also clearly demonstrates the separated H2 and O2 generation
in the amplified electrolyzer (Videos S1 and S2, respectively).
In addition, we constructed a photovoltaic-powered water
electrolysis device that could directly convert water and

Figure 5. Purity analysis of the generated H2/O2 in the CDWE. Gas chromatography for (a) HER and (b) OER. The insets show the
corresponding voltage curves of H2 and O2 generation by water electrolysis, where the asterisk represents the sampling point. In situ DEMS curves
of (c) the acidic-CDWE and (d) acidic-CWE for H2 evolution (red line) and O2 evolution (blue line) in the total water electrolysis process at an
applied current density of 10 mA cm−2 for 360 s. Voltage curves of (e) the acidic-CDWE and (f) acidic-CWE corresponding to the in situ DEMS
tests.
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sunlight into green H2 without a membrane, as shown in
Figure 4d. The working voltage of HER in the photovoltaic-
powered water electrolysis under natural sunshine is about 1.47
V, as displayed in the photo profile (Figure 4d) and the video
for H2 generation (Video S3).
We carried out additional experiments by taking the acidic-

CDWE as a typical example to characterize the decoupled
water electrolyzers. The photo profiles of H2 and O2
generation are shown in Figure S12 to confirm the decoupled
characteristics of the acidic-CDWE. It is clearly observed that a
large number of bubbles were only produced on the gas
electrode, while no bubble was generated on the AC electrode
(Figure S12c,d). In addition, the video record confirmed the
directly separated H2 and O2 generation (Videos S4 and S5).
The purity of the H2 and O2 produced by decoupling water
electrolysis was evaluated by ex situ gas chromatography (GC)
and in situ differential electrochemical mass spectrometry
(DEMS). The GC and corresponding chronopotentiometry
data of voltage curves for H2 and O2 generation are shown in
Figure 5a,b, respectively. As displayed in Figure 5a, the
recorded data showed that only H2 was detected, indicating no
O2 generation during the HER process. After the charging
process, a rest step of 20 min was performed to remove the
produced H2 in the system. Then, O2 was detected by GC
analysis during the subsequent discharging process with no H2
production (Figure 5b). The results indicated the effectiveness
of the capacitive decoupling water electrolysis for the
production of high-purity H2 and O2.
In addition, in situ DEMS was used to analyze the process of

gas production by decoupled water electrolysis at a constantly
applied current density of 10 mA cm−2. The obtained in situ
DEMS and the corresponding chronopotentiometry data of
the acidic-CDWE are given in Figure 5c,e, respectively. As
shown in Figure 5c, in parallel with the beginning of charging,
H2 evolution was detected in the online analysis record,
whereas O2 remained at the background level, indicating no O2
generation during the charging process. After the end of
charging, purging with a high-purity N2 stream was performed
for a few minutes to eliminate the remaining H2 in the system.
Then, O2 evolution was observed in the online analysis record
of in situ DEMS during the discharging process but without
any H2 evolution. As a comparison, in situ DEMS and the
corresponding chronopotentiometry data of acidic-CWE are
shown in Figure 5d,f, respectively. In contrast, H2 and O2
evolution were simultaneously observed in the online analysis
record, which indicates that H2 and O2 generation in acidic-
CWE cannot be decoupled. The above ex situ GC and in situ
DEMS proved the effectiveness and robustness of the
developed capacitive decoupled water electrolyzers as an
advanced H2 and O2 production and separation technology.
In summary, we have successfully designed and demon-

strated a novel all-pH-CDWE in a two-electrode single-cell
configuration by utilizing a low-cost capacitive electrode and
an electrocatalytic gas electrode for decoupling water
electrolysis. The experimental analysis revealed that the
interval generation of H2 and O2 can be achieved simply by
reversing the current polarity of the all-pH-CDWE, which can
be cycled with high stability over 800 consecutive cycles in a
high electrolyte utilization ratio of nearly 100%. As compared
to the driving voltage of CWE, the all-pH-CDWE showed high
energy efficiencies of 94% in the acidic-CDWE and 97% in the
alkaline-CDWE at a current density of 5 mA cm−2. Ex situ GC
and in situ DEMS tests were conducted to confirm the high

purity of the decoupling-generated H2 and O2. This designed
all-pH-CDWE in a highly rechargeable process can be scaled
up and well applied in practical water electrolysis to facilitate
the utilization of renewable energy resources to generate H2 in
mass production.

■ METHODS

Fabrication of a Low-Cost NiMoCo Bifunctional Catalyst
Prior to the synthesis of the NiMoCo electrode, a 5 × 10 cm2 nickel
foam (NF) was ultrasonicated with HCl (1 M), acetone, and ethanol
for 5 min to ensure that there was no oxide or other purities on the
surface. The synthesis of a low-cost NiMoCo bifunctional catalyst was
modified on the basis of a previous report.47 Specifically, a piece of
NF was put into a beaker containing NaCl (0.5 M), CoCl2·6H2O (1
mM), and MoCl5 (1 mM) solutions. Then, the beaker was frequently
stirred for 12 h to ensure that the surface of NF can be completely
reacted. Finally, the resulting catalyst-coated NF was dried naturally
after washing.

Electrode Preparation
For the AC electrode, commercial AC (YEC-8, Fuzhou Yihuan
Carbon, Ltd.), acetylene black (MTI), and poly(vinylidene fluoride)
(MTI) were well mixed at a weight ratio of 8:1:1 to form a
homogeneous slurry by adding the solvent N-methylpyrrolidone
(Aladdin). After that, the slurry was coated onto carbon paper (Fuel
cell store, USA) and formed a dense film with an activated mass
loading of ∼15 mg cm−2. For the scaled-up experiment, the AC slurry
was injected into an NF with an activated mass loading of ∼80 mg
cm−2.

Water Electrolysis Investigation
In a beaker cell, galvanostatic measurements of the all-pH-CDWE
with an AC electrode and a commercial Pt-coated Ti mesh (Suzhou
Shure Tai Industrial Technology Co. Ltd.) as the gas electrode were
carried out on a Landhe battery-testing instrument, a Neware battery-
testing system, and a VMP-3 multi-channel electrochemical work-
station. The all-pH-CDWE was designed in a Swagelok cell that was
used to test H2 batteries previously,

8,11,36 which can effectively collect
H2 and O2. The typical Swagelok cell was made of an AC electrode, a
Pt gas electrode, and a glass fiber (GF/D, Whatman) separator with a
certain amount of electrolyte. The Swagelok device was made up of
stainless-steel inlet and outlet valves with a Klein flange in a
polytetrafluoroethylene-centered O-ring that was assembled with a
clamp, as shown in Figure S13. The electrolyte solutions were 100 or
300 μL of 0.5 M H2SO4 for the acidic-CDWE, 200 μL of 1 M
KH2PO4/K2HPO4 (phosphate buffer solution) for the neutral-
CDWE, and 200 μL of 2 M KOH for the alkaline-CDWE. All
experiments were performed at room temperature.

Calculation of Utilization of the Electrolyte
For the acidic-CDWE, the amount of transferred charge is calculated
by the equation n = It/F, where I is the current density, t is the
electrolytic time, and F is the Faraday constant. According to the
reaction of water splitting, 2H2O → 2H2 + O2, the amount of
transferred charge is twice as much as that of the consumed water.
Therefore, the theoretical volume of the consumed water can be
calculated by the equation VT = 0.5ItM/Fρ, where M is the molecular
mass of water and ρ is the density of water.

Calculation of Energy Efficiency of the CDWE
For the CDWE, the energy efficiency (EE) can be calculated by the
equation EE = ECWE/ECDWE, where ECWE is the input energy of CWE
and ECDWE is the input energy of the CDWE for the overall water
splitting. According to the equation E = C × U, where C is the
capacity of the cells, the EE of the CDWE can be expressed as EE =
UCWE/(UHER + UOER), where UHER is the average voltage in the H2
generation process of the CDWE, UOER is the average voltage in the
O2 generation process of the CDWE, and UCWE is the average voltage
of the CWE.
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Gas Product Analysis
Gas products from the water electrolytic cell during HER and OER
were detected and analyzed using ex situ GC (GC-2014c) and in situ
DEMS (HPR-40 DEMS). The water electrolytic cell was sealed in the
Swagelok cell, which was connected to a GC-2014c by two tubes as
the gas inlet and outlet (Figure S14). High-purity Ar was used as the
carrier gas and purified gas. Before testing, the sealed electrolytic cell
was purified with Ar gas at a flow rate of 5 mL min−1 for 20 min to
eliminate the air inside the cell. After that, HER and OER were
performed using an SP-150 single-channel electrochemical work-
station (BioLogic) with an applied current density of 20 mA (2 cm2)
in an acidic electrolyte. After about 5.5 min, the H2 produced in the
charging process was collected and analyzed by the GC instrument.
Using the same method, a high-purity Ar gas stream was purged again
for 20 min to blow out the H2 in the cell. A current density of 20 mA
(2 cm2) was applied for 5.5 min, and the O2 produced in the
discharging process was also collected and analyzed by the GC
instrument. In addition, the mass spectrometer was connected to the
Swagelok water electrolytic cell with two tubes as the gas inlet and
outlet (Figure S14). A high-purity N2 gas stream was used as the
purging gas before electrolysis and the carrier gas during the
electrolysis process. The gas flows were controlled to be 4 mL
min−1. Before the online gas analysis, the system was purged with a
high-purity N2 stream for a few minutes. HER and OER were
performed using a Chenhua electrochemical workstation with an
applied current density of 20 mA (2 cm2) in the acidic-CDWE. The
operational duration of the charge was set to be 6 min. After the end
of the charging step, purging with a high-purity N2 stream was
performed for a few minutes to eliminate any remaining H2 in the
system. Then, the discharging step was started and continued until the
cell voltage sharply increased. The experiment was completed when
almost no remaining O2 in the electrolytic cell can be detected.

Physicochemical Characterizations
The morphologies of the AC electrodes and the NiMoCo catalytic
electrodes were characterized with a scanning electron microscope
(SEM) instrument (Hitachi 8220). Energy-dispersive X-ray spectros-
copy was collected by the SEM instrument. Powder X-ray diffraction
(PXRD) patterns were collected with a Philips X’Pert Pro Super X-ray
diffractometer equipped with graphite monochromatized Cu Kα
radiation. X-ray photoelectron spectroscopy (XPS) measurements of
the carbon electrode and Pt electrode were performed with an
ESCALAB 250Xi.
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